1. Introduction {#sec1}
===============

Exposure to air pollution is one of the leading risk factors worldwide ([@bib22]) as well as in India ([@bib97]). The pollution levels in India have been reported to exceed the national ambient air quality standards (NAAQS, [@bib12]) ([@bib66]; [@bib106]; [@bib29]) and did not reduce despite measures ([@bib27], [@bib10]; [@bib66]). The primary anthropogenic emission sources of particulate matter (PM~10~ and PM~2.5~) are households, industries, and transport sectors ([@bib27]). In gaseous pollutants, NOx emissions are dominated by transport, industries, and coal-based thermal power plants; CO emission is due to the incomplete combustion of fuels occurring in residential biomass burning, transport sector, and industries. SO~2~ emission is linked with the sulfur contained fuel used in different industries, coal-based thermal power plants ([@bib83]). The local anthropogenic sources are similar in different Indian regions however the total emission is proportional to the population of that region. The densely populated region of Indo Gangetic plain (IGP) has highest emissions but also impacted by regional sources such as biomass burning ([@bib77], [@bib4]; [@bib74],[@bib73],[@bib71]; ) and long-range transport of dust ([@bib44]). To reduce the air pollution levels, mitigation strategies and public awareness activities were launched under the National Clean Air Program ([@bib64]) with a focus on a 20--30% reduction in PM by 2024 in India. However, the efficacy of the mitigation strategies will be known in the near future.

The implementation of nationwide lockdown due to COVID-19 (SARS-CoV-2) pandemic has resulted in a considerable change in air pollution worldwide. COVID-19 is an infectious disease that spreads primarily from humans to humans. COVID-19 was first identified in Wuhan, China and is now a pandemic affecting many countries globally. As of July 1, 2020, there have been over 10 million confirmed cases and over 500 k deaths globally (covid19.who.int). The first case in India was reported on January 30, 2020 and till July 1, 2020, there have been over 220 k active cases, 347 k cured cases and 17 k deaths (mohfw.gov.in). To prevent the spread of COVID-19, a nationwide lockdown was implemented in various phases restricting the transport and non-essential activities ([@bib60]). The first phase was officially announced on March 24, 2020 and implemented for 21 days from 25^th^ March to 14^th^ April, 2020. This was extended from 15^th^ April to 3^rd^ May 2020 and further extended with relaxations. Before the first lockdown, day-time (07:00--21:00 h) voluntary public curfew was encouraged on March 22, 2020, followed by restrictions in affected areas. The list of activities including the transport, offices, industries restricted and permitted are listed in [Supplementary Table S1](#appsec1){ref-type="sec"}. As all the non-essential services and offices were closed and the movement of the people was restricted, this has resulted in a reduction in the anthropogenic emissions. The change in the fuel consumption data ([@bib68]) during the lockdown suggests around 50--60%, 90%, 40%, 70% reduction in transport, aviation, industrial and construction activities respectively; and around 12% increase in household fuel consumption. Further, this has allowed researchers and policy-makers to study the impact of reduced emissions on air quality over India.

Recent studies over different countries/cities across the Globe ([@bib57]; [@bib62]; [@bib43]; [@bib14]; [@bib2]; [@bib50]; [@bib96], [@bib95]; [@bib33]; [@bib104]; [@bib19]; [@bib86]; [@bib39]; [@bib57]; [@bib55]; [@bib85]; [@bib90]; [@bib78]; [@bib63]; [@bib81]; [@bib47]; [@bib20]; [@bib11]; [@bib42]; [@bib1]; [@bib65]; [@bib93]; [@bib59]; [@bib40]; [@bib3]; [@bib48]; [@bib7]; [@bib105]; [@bib61]) have found changes, mainly a decline in PM~2.5~, PM~10~, NO~2~ and CO and enhancement in O~3~. Kindly refer to [Supplementary Table S2](#appsec1){ref-type="sec"} for details. It is estimated that excessive risk and mortalities associated with air pollution might have reduced during lockdown ([@bib103]; [@bib16]; [@bib8]; [@bib37]; [@bib21]; [@bib85]).

Studies over Indian cities and regions have reported significant improvement in air quality ([@bib85]; [@bib55]; [@bib39]; [@bib90]; [@bib78]; [@bib63]; [@bib47]; [@bib81]; [@bib57]) during the lockdown. A significant reduction in NO~2~ has been observed from space ([@bib17]). [@bib55] has analysed the CPCB real-time air quality data at 34 monitoring stations in Delhi for the period of 3^rd^ March to 14^th^ April 2020 and reported a significant reduction in PM~10~, PM~2.5~, NO~2~ and CO and 40--50% improvement in the national air quality index during the lockdown. The study by [@bib85] reported around 43, 31, 10, and 18% decrease in PM~2.5~, PM~10~, CO, and NO~2~ respectively using CPCB real-time air quality data at 22 locations in different regions of India. However, the study period was for a shorter period, i.e., starting from 16^th^ March to 14^th^ April 2020, which does not coincide with the actual lockdown period. [@bib39] considered even shorter period (25^th^ March to 6^th^ April 2020) to study the change over five megacities of India and reported that PM~2.5~, PM~10~, NO~2~ and CO were declined by ∼41%, ∼52%, ∼51%, and ∼28% respectively during the lockdown as compared to before lockdown in 2020 in Delhi as well as a similar decline in other megacities. It is known that primary emitted pollutants are likely to decline during winter-spring-summer because of the favourable meteorological conditions. Therefore, estimating decline with respect to before lockdown in the same year may also include the seasonal decline in the pollution levels. [@bib78] have analysed the reduction over two cities (Mumbai and Delhi) using the CPCB and Sentinel-5P satellite images to show a reduction of 40--50% in NO~2~. [@bib90] analysed four pollutants over Lucknow and New Delhi and found a significant decline. [@bib47] have shown a lesser reduction in smaller cities than metro cities. [@bib81] have focussed their study on Gujarat region whereas [@bib57] have shown a reduction near the stone crushing site. [@bib63] noticed a reduction in PM~2.5~, PM~10~, NO~2~, and CO over 17 cities in India during the lockdown period. They also analysed hourly data averaged over all 17 sites and found maximum reduction during the morning (7--10 a.m.) and evening (7--10 p.m.) periods. While studies by [@bib55]; [@bib39]; [@bib47] and [@bib90] have focussed only over the cities, [@bib85] reported the changes over different regions but with limited sites not coinciding the actual lockdown period. Most importantly, all the studies considered data less than three weeks which may have been influenced by the synoptic meteorology which has a variability of few weeks ([@bib82]; [@bib30]; [@bib18]). As the short-term (micro, meso- and synoptic-scale) meteorological variation can improve/deteriorate the air quality for a short period despite emission reduction during lockdown ([@bib95]; [@bib26]), an extended period greater than the time scale of the meteorology can minimize the impact of short-term changes in the meteorology. Although [@bib63] have used the data of six weeks, however, their study was limited to 17 sites. They reported the changes in diurnal variation averaged across 17 locations that may not represent the spatial variability of pollution across different regions of India ([@bib28]; [@bib69]; [@bib97]). Moreover, they did not include O~3~ in their study, which is one of the critical pollutants. Further, their analysis was limited to 2019 and 2020. The current study examines the available ground-based (134 sites) six criteria air pollutants (PM~2.5~, PM~10~, SO~2~, NO~2~, O~3~, and CO) obtained from the Continuous Ambient Air Quality Monitoring Stations (CAAQMS) of Central Pollution Control Board (CPCB), Delhi over different geographical regions of India. The study aims to estimate the changes in air pollution during the strict phases of lockdown (25^th^ March -- 3^rd^ May 2020) by conducting extensive analysis in terms of daily variation, diurnal variation as well as overall changes over different geographical regions of India.

2. Data and method {#sec2}
==================

2.1. CPCB data {#sec2.1}
--------------

The hourly averaged data of PM~2.5~, PM~10~, NO~2~, O~3~, CO and SO~2~ at 134 sites ([supplementary Figure S1](#appsec1){ref-type="sec"}; [Table S3](#appsec1){ref-type="sec"}) from 15^th^ February to 3^rd^ May each year for four years from 2017 to 2020 was acquired from CAAQMS situated across India (<https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing>), which is managed by CPCB, Delhi. The methodology used for measurement of each pollutant is shown in the [Supplementary Table S4](#appsec1){ref-type="sec"} and technical details can be found in [@bib13]. The sites have been grouped according to the six geographical regions (north, IGP, north-west, north-east, central and South) based on their pollution status and sources; and for the better presentation of the results. The map of the different regions and the location of the sites is shown in [Figure S1](#appsec1){ref-type="sec"}. The states under different zones are tabulated in [Supplementary Table S3](#appsec1){ref-type="sec"}. The IGP region covers from Punjab to West Bengal, having the highest population density and is one of the most polluted regions ([@bib28]; [@bib69]; [@bib97]). Gujarat and Rajasthan, under the north-west region, are often under the influence of dust-storms originating locally and sometimes across the middle east region ([@bib101]). The Central zones stretched from Maharashtra to Odisha, and the states on the southern peninsular region of India were chosen as the south region. North and north-east regions have not been considered because of a less number of sites.

The quality of data was ensured by filtering the outliers and constant values. The data, which is more than three local scaled Median Absolute Deviations (MAD) from the local median of the data within a running window of 24 h, was considered as an outlier. The concentrations at a site having a standard deviation of less than 5% of the mean were recorded as having erroneous constant data, and therefore are not considered. Missing records, erroneous data and outliers in the observation have not been considered for the analysis considering them as invalid data. Sites having more than 60% of valid data during the analysis period were considered in the study. This data quality check resulted in 134 valid sites for the analysis. As the measurement status differs according to site and pollutant, the number of valid sites for PM~2.5~, PM~10~, NO~2~, O~3~, CO and SO~2~ are 121, 100, 100, 93, 96 and 90 respectively. The number of sites in each region is shown in [Supplementary Table S5](#appsec1){ref-type="sec"}.

Additionally, we use the time-averaged Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) reanalysis monthly meteorological products during lockdown months from 2017 to 2020 to compare the metrology during the lockdown with the previous year of meteorology. The MERRA-2 data was obtained from NASA's Global Modeling and Assimilation Office (GMAO) at a horizontal resolution of 0.5 ° × 0.625 ° (<https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/>). Details of the MERRA-2 products and evaluation has been reported by [@bib24], [@bib70] and [@bib6].

2.2. Data analysis {#sec2.2}
------------------

Hourly data from 15^th^ February to 3^rd^ May for four years from 2017 to 2020 have been analysed to study the temporal variation of the pollutants during the transition from the before lockdown to lockdown. Further, the changes in the pollutants were estimated during the lockdown period (25^th^ March to 3^rd^ May 2020) and compared with the same period during the previous years.

The meteorology during the lockdown period was observed to be similar during 2017--2020 (Section [3.1](#sec3.1){ref-type="sec"}). The data set has been divided into reference year (2017--2019), and the current year (2020) for comparison. The percentage change has been calculated using the following equation$$D = \frac{\text{Yc} - \text{Yr}}{\text{Yr}}\  \times 100$$where.

D is the percentage change, Yc is the average concentration of a pollutant in the current year during the lockdown period, Yr is the average concentration of a pollutant in reference years during the lockdown period.

Changes in the pollutants have been reported for each region in terms of the mean, median and IQR of the changes estimated for all sites within a region.

3. Results {#sec3}
==========

3.1. Meteorology and air mass trajectories over India during lockdown {#sec3.1}
---------------------------------------------------------------------

The changes in pollutants level during the COVID-19 lockdown across India can partially or significantly be affected by the meteorological conditions during this period. However, changes in the air pollution due to the emission change can be studied by comparing the average pollutant concentrations under the same meteorological conditions ([@bib52]; [@bib9]). We compare the MERRA-2 meteorological parameters during 2017--2019 with the 2020 during lockdown months (March--May). Time-averaged 10-m wind speed and direction, 2-m temperature and precipitation are shown in [Supplementary Figure S2](#appsec1){ref-type="sec"}. The 10-m wind speeds show anticyclonic motion over the Bay of Bengal and the Arabian Sea shows similar spatial variations in wind pattern. The prevailing of north westerlies from NW India to Central India and interior south Indian regions can be seen from the figure. The warm air cause increase in surface temperatures seen over Central India and interior south Indian regions. Wind discontinuity also can be seen in the 10-m plots. The average rainfall over India varied from 0 to 2.5 mm/day during this period. The enhancement in precipitation due to Norwesters can be seen over Bangladesh and Northeast Indian region in both the plots. In general, all the meteorological parameters follow a similar spatial variation. The similarity in the meteorological parameters is confirmed by recent studies. [@bib85] have reported similar meteorology over the years 2017--2019 and 2020 during the one-month analysis period around the lockdown. Moreover, [@bib63] have also reported that the daily variations in wind speed, temperature, and relative humidity averaged over 17 cities show similar variations during the same period in 2019 and 2020. Additionally, we performed the five days backward trajectories analysis using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model ([@bib91]) to characterize air masses. Five days backward trajectories arriving at 500 m were computed at an interval of 6 h. Then, cluster analysis was carried out to identify five major trajectories during the lockdown as shown in [Supplementary Figure S3](#appsec1){ref-type="sec"}. For northern India, the majority of the air masses originate from inland as well as from the transboundary region in the west. The most densely populated IGP region receives most of the air masses from within IGP as well as transboundary regions. North eastern region receives air masses from nearby regions. During this season, the majority of air masses for central, western, and southern parts of India originate from the oceanic region, with the Arabian sea for the western region and the Arabian sea along with Bay of Bengal for central India and southern Indian region. The HYSPLIT trajectory plot directions are similar to the wind vectors shown in Figure [Supplementary Figure S2](#appsec1){ref-type="sec"}.

3.2. Temporal evolution of the pollutants before and during lockdown periods {#sec3.2}
----------------------------------------------------------------------------

Air pollutants are known to vary diurnally, monthly, seasonally and inter-annually in different environments ([@bib66]; [@bib106]a; [@bib58]; [@bib88]; [@bib34], [@bib35]; [@bib99]). The local meteorology and emissions govern the variations at a given geographic location. Primary emitted pollutants are likely to decrease during winter to spring because of the change in meteorological conditions (increased planetary boundary layer height, PBLH), whereas O~3~ increases from winter-spring-summer transition because of the photochemical production. However, some pollutants show a peak in different months due to forest fires, biomass burning ([@bib102]) or agricultural activities ([@bib92]).

A comparison of pollutants with the pre-lockdown period may include the seasonal component. Therefore, it would be appropriate to compare the trend in the pollutants concerning the previous years as reference years.

### 3.2.1. PM~2.5~ variation {#sec3.2.1}

Variations in PM~2.5~ are shown in [Fig. 1](#fig1){ref-type="fig"} . In general, a decreasing trend in PM~2.5~ can be observed across all regions because of the winter-spring-summer transition ([@bib106]a). IGP region was identified as most polluted, where the levels of PM~2.5~ varies between ∼50 and 100 μg/m^3^. PM~2.5~ was found in the range of 30--60 μg/m^3^, ∼40--80 μg/m^3^, and ∼30--50 μg/m^3^ in central India, north-west and south India respectively. The values for North-west and IGP region were of most fluctuating nature with the association of dust storm in the western part of India ([@bib101]), biomass burning ([@bib77]), and higher winds associated with summer season ([@bib44]) in IGP region. During the lockdown period, PM~2.5~ decreased significantly for all the regions having similar variabilities, as seen in the previous years. PM~2.5~ decreased quickly just after the lockdown, then increased around 10^th^ April and later decreased. The ratio of PM~10~ and PM~2.5~ suggests that the increasing spell of PM~2.5~ could be associated with a dust storm. It can be seen in [Fig. 1](#fig1){ref-type="fig"} that IGP continued to be the most polluted, and the South remained the cleanest during the lockdown. Moreover, the average pollution during the first and second lockdown follows a similar pattern for PM~2.5~ across all the regions. Faster drop just after the lockdown over IGP, North-West, and Central, was observed ([Fig. 1](#fig1){ref-type="fig"}). [@bib55] have made similar observations; however, it has to be noted that emission reductions solely could not be attributed to lockdown but also could be due to the western disturbances (WDs, [@bib15]). WDs play a critical role in the meteorology of the Indian subcontinent during November to March. WDs are associated with higher wind speed, thunderstorms, and rainfall over northern and north-west parts of India including the IGP.Fig. 1Temporal evolution of daily mean PM~2.5~ concentration before and during the lockdown period for the four study regions. The line plot shows the median and shaded region shows the IQR of mean levels observed at the sites in the respective regions. Vertical black and red lines mark the beginning of 1st and 2nd phases of lockdown respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

### 3.2.2. PM~10~ variation {#sec3.2.2}

The variations in the daily mean PM~10~ are shown in [Supplementary Figure S4](#appsec1){ref-type="sec"}. A decreasing trend in PM~10~ was observed over the central and south India in the previous years, except for IGP and the north-west region. This could be due to the long-range transport of dust from the desert ([@bib44]) that affects the PM~10~ levels in the North-west and IGP regions during summer months. For PM~10~ also, as observed for PM~2.5~, the highest concentration was observed in the IGP region with maximum fluctuations.

During the lockdown period, PM~10~ showed a significant decline for all the regions, having the highest reduction in the IGP region. The reduced vehicular movement, limited industrial and construction activities can be responsible for the decline in PM~10~ emissions. The restricted movement of vehicles can also be a means of reduction of the exhaust ([@bib89]), and non-exhaust emissions ([@bib87]), mainly resuspended dust, in the coarse part of PM. A large difference can be observed across the air pollution monitoring sites in the IGP and north-west region, where surface dust load is relatively high in the PM ([@bib67]). The PM~10~ concentration, which was found to be in the range of ∼80--270 μg/m^3^ in IGP and 90--140 μg/m^3^ in the central and north-west regions in the previous years has been reduced to ∼70 μg/m^3^ during the lockdown. A significant reduction is also seen in the South region.

### 3.2.3. O~3~ variation {#sec3.2.3}

O~3~ is a secondary pollutant that is formed in the presence of sunlight and its precursors viz, nitrogen oxides (NOx), and volatile organic compounds (VOCs). Its concentration varies according to photochemistry, physical/chemical removal, and transport over local, regional, and global scales ([@bib49]; [@bib76]). O~3~ shows an almost constant trend with some fluctuations for all the regions except for the sites in the IGP ([Fig. 2](#fig2){ref-type="fig"} ), where it shows a continuously increasing trend amid the increase in solar radiation. Additionally, biogenic emissions of isoprenes, a precursor for O~3~ formation, and biomass burning related O~3~ production, help in the rise of O~3~ concentration during the summer season. It has been previously reported that among all the regions of India, biomass burning associated O~3~ production was observed to be highest over central India ([@bib53]).Fig. 2Temporal evolution of daily mean O~3~ concentration before and during the lockdown period for the four study regions.Fig. 2

During the lockdown period, a decline in O~3~ concentration was observed at the sites in south India, and for a few days over central India and a slight increase over the IGP. However, a decrease in the O~3~ concentration in 2020 in the South was also observed before the lockdown that requires further investigation. The reduction of O~3~ over the southern part can be attributed to the decrease in the O~3~ precursors in the northern region, which is horizontally transported to the South ([@bib45]; [@bib53]) in this season. Moreover, the rise in the humidity and temperature over the southern region may have led to the reduction of O~3~ as it reacts with water vapor to form OH radicals in the atmosphere. For the North-west region, the concentration during and before lockdown remained almost similar having a fluctuating trend.

### 3.2.4. NO~2~ variation {#sec3.2.4}

NO~2~ variation before and during the lockdown is depicted in [Fig. 3](#fig3){ref-type="fig"} . NO~2~ is emitted from biogenic sources like soils and lightning, pyrogenic sources like natural fires, and anthropogenic sources like vehicular emission and fossil fuel-based power plants ([@bib76]). NO~2~ controls the formation of O~3~. In the previous years, NO~2~ shows a slightly decreasing trend for all the regions except the IGP, where it shows an almost constant trend. The decrease could be due to the seasonal transition to summer, as the gaseous pollutant is found to be highest during the winter season ([@bib25]). During the lockdown period, all the regions showed a marked decline in concentration with the highest level observed across the IGP and north-west region. This decrease in NO~2~ could be mainly attributed to reduced vehicular emissions. The reduction in NO~2~ in the IGP region during the lockdown was also reported by [@bib85] and [@bib55].Fig. 3Temporal evolution of daily mean NO~2~ concentration before and during the lockdown period for the four study regions.Fig. 3

### 3.2.5. CO variation {#sec3.2.5}

Variations of carbon monoxide (CO) are shown in [Supplementary Figure S5](#appsec1){ref-type="sec"}. CO is mostly emitted from vehicular sources. However, other sources include forest fires, agricultural waste burning, biofuel burning, and oxidation of hydrocarbons and combustion of fossil fuels ([@bib31]). The higher concentration of CO is observed at the sites in the central and IGP region during the previous three years (∼800--1000 μg/m^3^). In the Central region, some sites observed concentrations up to 1500 μg/m^3^. Higher levels can be attributed to biofuel usage in densely populated IGP, whereas the levels in central India could be due to forest fires and agriculture burning, predominant during this season as observed by [@bib77]. The concentration of CO declined for all the four regions during the lockdown, and this is mainly due to restriction in vehicle movement. As CO has a relatively long lifetime, it can be transported over a longer distance. The levels of CO at the sites in all the regions were found to be around 500 μg/m^3^ during the lockdown.

### 3.2.6. SO~2~ variation {#sec3.2.6}

The primary source of SO~2~ is the combustion of sulfur-containing fuels, i.e., coal and diesel used in thermal power plants, industries, and transport ([@bib54]; [@bib23]). SO~2~ can also be sourced from volcanic eruptions ([@bib56]) and wildfires. For the Indian scenario, the primary anthropogenic source of SO~2~ is coal-fired thermal power plants as reported by ([@bib54]; [@bib56]). Six states UP, Gujarat, Maharashtra, Chattisgarh, Odisha, and Tamil Nadu, accounted for 60% of the total emission of SO~2~ in the year 2012 ([@bib54]). Variation in SO~2~ before and during the lockdown period for the four regions of India are shown in [Supplementary Figure S6](#appsec1){ref-type="sec"}. The median value of SO~2~ in the previous years was recorded highest for the IGP (∼10--15 μg/m^3^) region followed by North-west and Central India. Unlike O~3~ and particulate matter, the levels of SO~2~ remained the same for the considered period for all the areas in the previous years. This year, SO~2~ levels show a small decline during lockdown for all the regions except for South India.

3.3. Changes in the diurnal variations of the pollutants {#sec3.3}
--------------------------------------------------------

In this section, we investigate the changes in the diurnal variation in the pollutant during the lockdown. Diurnal variation of a pollutant is mainly governed by the local emissions, meteorological condition, and; day-time and night-time chemistry. However, the relation between pollutant concentration and controlling factors is non-linear because of the complex chemistry and atmospheric dynamics ([@bib80]). The reduction in the primary anthropogenic emissions can lead to changes in the pollutant concentration at a different hour of the day. Therefore, we compare the diurnal variation (00--23 h) of all six pollutants this year (2020) with reference to the average diurnal variation observed in the previous years (2017--2019) and shown in [Fig. 4](#fig4){ref-type="fig"} . Additionally, absolute change ([Fig. 5](#fig5){ref-type="fig"} ) and percentage change ([supplementary Figure S7](#appsec1){ref-type="sec"}) at a different hour of the day have also been shown and discussed.Fig. 4Diurnal variation of the six criteria pollutants before and during the lockdown period for the four study regions. The red plot shows the diurnal variation in the pollutants in the previous years and the blue plot is for the current year. Continuous line and the dotted line represent the median and mean respectively and the shaded region shows the IQR of mean diurnal variation observed at the sites in the respective regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4Fig. 5Diurnal variation of the absolute difference in the concentration of six criteria pollutants during the lockdown period against their respective average for reference years (2017--2019). Continuous line and the dotted line represent the median and mean respectively and the shaded region shows the IQR.Fig. 5

### 3.3.1. Diurnal variation of particulate matter (PM~2.5~ and PM~10~) {#sec3.3.1}

The normal diurnal variation of PM~2.5~ and PM~10~ ([Fig. 4](#fig4){ref-type="fig"}) shows a bimodal distribution with two peaks observed in the morning and evening at the sites in all the regions. The morning peak (∼0800--1000 h) is due to the fumigation effect and traffic emissions whereas the evening and the nigh-time increase is associated with the household emission ([@bib101]; [@bib74], [@bib75]; [@bib41]; [@bib106]a) and lower dispersion due to reduced planetary boundary layer height ([@bib79]). The lowest level of PM was observed during the late afternoon hours (∼15:00--16:00 h) in all regions. However, monitoring sites in the south show minimum value after midnight.

The diurnal variation in PM~2.5~ and PM~10~ during the lockdown shows a significant reduction throughout the days, and the variability remains the same. All the locations continue to have morning and evening peaks, as observed in the previous years. The peak concentration of PM~2.5~ and PM~10~ were observed in the IGP, which were in the range of 70--110 μg/m^3^ and 150--280 μg/m^3^ respectively during previous years, were reduced by 50--60% to the level of 35--50 μg/m^3^ and 70--120 μg/m^3^, respectively during the lockdown. While the percentage reduction of 40--50% in PM is constant throughout the day ([Supplementary Figure S7](#appsec1){ref-type="sec"}), the absolute reduction varies according to the time of the day ([Fig. 5](#fig5){ref-type="fig"}). The maximum reduction has been found during the night-time as well as during the peak traffic hours, whereas the absolute minimum reduction was found during the afternoon hours. In general, the PM~10~ level has been reduced by 70--140 μg/m^3^, 40--90 μg/m^3^, 40--70 μg/m^3^ and 30--50 μg/m^3^ at the sites in IGP, north-west, central and south regions respectively. Similarly, PM~2.5~ concentration reduced by ∼40--60% across all the regions ([supplementary Figure S7](#appsec1){ref-type="sec"}). The reduction during peak traffic hours can be explained by the decrease in traffic emissions. Assuming that the household emissions have either not changed or increased marginally, and the emission from coal-based tandoors in restaurants/hotels and street food ([@bib83]) have reduced, the reduction in the night time is more than expected therefore requires detailed investigation.

### 3.3.2. Diurnal variation of O~3~ and NO~2~ {#sec3.3.2}

NO~2~ is the major precursor of tropospheric and surface O~3~; therefore, the diurnal variation of O~3~ depends on NO~2~. As the atmosphere of most of the cities of north, west, and south India is VOC limited ([@bib84]; [@bib46]), the diurnal trend of O~3~ will closely follow a negative correlation with that of its major precursor NO~2~. In previous years, the diurnal variation of the NO~2~ involves an increasing level till morning 08:00--09:00, then it starts to decrease, before again rising during the night-time. After the morning peak, NO~2~ gets involved in a photo-dissociation cycle where the formation and destruction of O~3~ molecules take place. However, the diurnal variation of O~3~ during the typical day does not precisely complement that of NO~2~, therefore it confirms the involvement of other precursors like VOCs and CO and CH~4~. The traffic associated morning NO~2~ peak can be observed across all the regions. Moreover, night-time NO~2~ was found to be more than the day-time peak. The enhancement in the day-time peak was restricted by the photochemical production of O~3~ ([@bib80]). The maximum concentration of O~3~ was observed in the late afternoon hours for all the regions with the maximum value obtained for the IGP and north-west region (∼70--90 μg/m^3^). The minimum O~3~ concentration was found in the morning hours (6--7 am) for all the regions.

During the lockdown, diurnal variation follows a similar trend for both NO~2~ and O~3~ across all regions. However, the reduction in NO~2~ was found throughout the day, whereas the decrease in O~3~ is limited during the sunlight hours. The reduction in NO~2~ levels during night hours was observed to be more than the day-time. Night-time enhancement in O~3~ of ∼20--30% or even higher is also seen in the IGP and north-west regions. Night-time enhancement in O~3~ is because of the reduction in the removal of O~3~ at night. While Nitrogen oxides help in the photochemical production of O~3~ during the day, it forms nitric acid, oxidizes hydrocarbons, and remove O~3~ at night ([@bib5]).

Moreover, heterogeneous chemistry near the surface involving aerosols can also be responsible for the direct loss of O~3~ ([@bib38]). This is evident from the O~3~ diurnal variation that the night level of O~3~ in the polluted region (i.e., IGP) in the previous years was lower than the night-time levels in a less polluted region of the South. The same can be seen in the differences in the levels of O~3~ during the day and night, which was observed to be highest for IGP and north-west. A significant reduction in NO~2~ and PM in the night-time can be responsible for the night-time enhancement in O~3~. However, the enhancement is not consistent across all the sites because of the complex chemistry.

### 3.3.3. Diurnal variation of CO {#sec3.3.3}

CO being a biomass and traffic-related pollutant, shows a bimodal distribution during normal days for all the regions with peaks being most prominent for the North-west region. Moreover, the levels are higher in IGP and central regions owing to biomass activities ([@bib77]; [@bib94]). The highest concentration was observed in the IGP and central regions during night time (∼1000 μg/m^3^) and lowest during late afternoon hours. As CO is also a precursor for O~3~ formation, it is utilized maximum during the afternoon for O~3~ formation with NOx as a catalyst leading to low levels of CO during the afternoon ([@bib49]). During the lockdown phase, the peaks are still visible, yet less prominent. The difference in concentration is highest for the IGP region with the maximum reduction during late-night hours ([Fig. 5](#fig5){ref-type="fig"}). While for the IGP region, the median percentage reduction is roughly similar across the day, for the North-West region, the reduction percentage is significantly lower during afternoon hours.

### 3.3.4. Diurnal variation of SO~2~ {#sec3.3.4}

The diurnal variation of SO~2~ shows a prominent morning peak in IGP and central regions; and smaller peaks in other regions during the previous years. The highest concentration of SO~2~ was observed in the IGP region, and the lowest levels were observed for south India during afternoon hours. A considerable reduction can be seen during the lockdown in the IGP region. The absolute concentration difference during lockdown was observed to be highest for the IGP (maximum during early morning hours) and least for south India ([Fig. 5](#fig5){ref-type="fig"}). For the IGP, the percentage decline during lockdown ([supplementary Figure S7](#appsec1){ref-type="sec"}) was observed significant during morning hours, whereas it became negligible in the afternoon due to the increase in PBLH. In contrast to the other three regions, the percentage increase in SO~2~ was observed for a few sites in south India. The increase over the southern region could be a result of the decrease of the SO~2~ oxidation due to the decline of O~3~ concentration in the presence of NaCl particles, which are abundant in the south Indian peninsula surrounded by oceans ([@bib51]).

3.4. Overall percentage reduction in regions of India {#sec3.4}
-----------------------------------------------------

The overall decrease in the concentration of the six criteria air pollutants is shown in [Fig. 6](#fig6){ref-type="fig"} as a box plot. The red line in the box shows the median value, and the box shows the interquartile range. The red star shows the average change. A substantial reduction can be observed for most of the pollutants. The significant decrease was identified for PM~2.5~ and PM~10,~ where the reduction was ∼50%. Although this study does not cover the north-east region and the northern part of the country, still the overall observed percentage reduction in air pollutants (averaged over the four areas) can be representative of the whole country during the lockdown period. The estimated changes in the concentrations for different regions are shown in [Table S5](#appsec1){ref-type="sec"}.Fig. 6Box plot of the percentage change in the six criteria pollutants across the four study regions during the period of two phases of lockdown. The red line in the box shows the median value, red star indicates the mean value. and the box shows the interquartile range. Numbers on the right side are the number of stations used for the box plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 6

In contrast to previously reported results of [@bib85], which has reported 43% and 31% reduction in PM~2.5~ and PM~10~ respectively, our study found around ∼40--60% reduction for both PM~2.5~ and PM~10~. Considering the four regions separately, the highest PM~2.5~ and PM~10~ reduction were observed for the North-west region (∼50--60% for both PM~10~ and PM~2.5~), followed by the IGP region (∼40--60% for both PM~10~ and PM~2.5~). In the case of gaseous pollutants, CO and NO~2~ showed reductions in all four regions. SO~2~ showed mixed variation with a decrease in the mean value in the south, IGP and north-west. Ozone was found to have mixed behavior; however, it has shown a decrease at most of the sites and a moderate increase over the IGP region. A reduction in O~3~ was recorded in the south and central region.

Our results vary slightly from those of [@bib85] who have reported 34% reduction in PM~2.5~ and a slight increase in SO~2~ for IGP. The current study observed a decrease in SO~2~ and a mild increase in O~3~ at most of the sites in the IGP, and ∼60% reduction for PM~2.5~ at all sites. In the case of the southern region, this work computes a NO~2~ reduction in agreement with [@bib85], whereas for CO our results contrast their observation and find a reduction in CO levels.

3.5. Change in the probability distribution of pollutants {#sec3.5}
---------------------------------------------------------

The probability density function (PDF) using kernel density estimation (KDE) of all six pollutants during the lockdown in 2020 and during the same period in 2017--2019 for all regions have been shown in [Fig. 7](#fig7){ref-type="fig"} . KDE is a non-parametric way to estimate the PDF. The peak of the distribution shows the most probable value and the width of the distribution shows the variability. It can be seen from [Fig. 7](#fig7){ref-type="fig"} that the variability and the most probable concentration of the PM~2.5~, PM~10~, NO~2,~ and CO have reduced significantly in all the regions during the lockdown. Whereas SO~2~ shows marginal change and O~3~ does not exhibit a significant change in the probability distribution except for the south region where it shows reduction. The most probable value of PM~2.5~ has been reduced from 44 to 27 μg/m^3^, 69 to 37 μg/m^3^, 52 to 30 μg/m^3^, and 37 to 22 μg/m^3^ respectively over Central, IGP, North-West and South regions. Similarly, PM~10~ has been reduced significantly in all the regions with maximum reduction in the IGP. During the lockdown, the most probable value of PM~10~ was estimated to be 67 μg/m^3^, 84 μg/m^3^, 68 μg/m^3^, and 46 μg/m^3^ respectively. The most probable concentration of NO~2~ was reduced from 18 to 11 μg/m^3^, 27 to 15 μg/m^3^, 25 to 13 μg/m^3^, and 19 to 8 μg/m^3^ over Central, IGP, North-West and South regions respectively. The reduction in most probable CO concentration was found to be highest for IGP and least for the North-west region. The most probable value of SO~2~ has reduced marginally in all regions. The probability distribution of O~3~ shows a decrease in higher values but a slight increase in the most probable values over Central, IGP, and north-west regions and a significant decrease in the south region. The non-linear chemistry of O~3~ has been explained in section [3.3.2](#sec3.3.2){ref-type="sec"}.Fig. 7Probability density function (PDF) of the pollutants during the lockdown in 2020 and during the same period in 2017--2019.Fig. 7

3.6. Air pollution changes with population {#sec3.6}
------------------------------------------

Pollution change has been analysed with respect to population density. Population data corresponding to the CPCB monitoring station has been taken from [@bib98]. [Fig. 8](#fig8){ref-type="fig"} shows the scatter plot of the change of the six pollutant concentrations with the population/km^2^. The least-square fit with the slope value is also shown. [Fig. 8](#fig8){ref-type="fig"} shows a significant negative slope for PM~2.5~, PM~10~ and NO~2~, a positive slope for O~3~ and almost a very small negative slope for CO and SO~2~. This suggests that amount of reduction in PM~2.5~, PM~10~ and NO~2~ is directly proportional to population density. Similar results were observed by [@bib96] who compared the pollution reduction with vehicle density (proportional to population density) in northern Chinese cities. The reduction of CO and SO~2~ with the population was found to be small. While CO is found to decrease significantly during the lockdown, the net decline is uniform being a regional pollutant with a longer lifetime. O~3~ shows the enhancement with the population density due to the higher reduction NO~x~ in the populated areas.Fig. 8Scatter plot of the change in the pollution during lockdown vs the population density at the location of the pollution monitoring.Fig. 8

3.7. Spatial inter-correlation of pollutants during the lockdown {#sec3.7}
----------------------------------------------------------------

Spatial correlation analysis has been conducted to study the changes in the linear relations between the gaseous and particulate pollutants. [Supplementary Figure S8](#appsec1){ref-type="sec"} shows the scatter plot and spatial correlation of the average pollutant concentration observed at measurement locations during the lockdown in 2020 and 2017--2019. Particulate matter (PM~10~ and PM~2.5~) is positively correlated with NO~2~, CO and SO~2~ during the lockdown in 2020 as well as in 2017--2019. As these are emitted from primary emission sources, they are likely to have a positive correlation. Moreover, SO~2~ and NO~2~, the precursors of sulfate and nitrate aerosols, are likely to have positive correlations with PM when the composition of PM is dominated by secondary aerosols ([@bib32]). As CO is not a precursor of secondary aerosol, the positive correlation between NO~2~ and CO is because of the positive correlation of CO with PM.

O~3~ exhibits no significant correlation with PM~10~, PM~2.5~, and SO~2~; and negative correlation with NO~2~ and CO in 2017--2019. The negative correlation suggests that O~3~ levels were decreasing with the increase of NO~2~ and CO. The urban areas in India are VOC limited ([@bib84]; [@bib46]), therefore lowering NO~2~ levels will lead to an increase in O~3~ owing to the reduction in the O~3~ loss process ([@bib80]) and exhibit a negative correlation. However, during the lockdown, O~3~ is found to be positively correlated with PM~10~, PM~2.5~, NO~2~ and SO~2~. It is possible that the VOC/NOx ratio may have increased due to a significant reduction in anthropogenic NOx emissions. This makes the O~3~ limited by NOx concentration where O~3~ varies linearly with NOx. The positive correlation with O~3~ with PM is due to the correlation of PM emissions with NOx emissions.

3.8. Air pollution changes in megacity Delhi {#sec3.8}
--------------------------------------------

Several measures (MoEFCC, 2019) are in place to reduce the pollution in the National capital Delhi, which is one of the polluted megacities in the world ([@bib97]: [@bib27]; [@bib72]). Owing to its geography, meteorology, direct and indirect emission sources, and burgeoning population, the city receives more number of air pollution events ([@bib106]a; [@bib29]; [@bib4]; [@bib74]), which affects the social and economic health of the city. In the current scenario of nationwide lockdown, it is crucial to study the changes in air pollution in megacity Delhi. This analysis considers all the available stations in monitoring sites in Delhi having valid data.

The overall reduction in the six criteria pollutants estimated for Delhi has been shown in [Fig. 9](#fig9){ref-type="fig"} . The box and whisker plots shown in [Fig. 9](#fig9){ref-type="fig"} describe the statistical details of reduction, including median, IQR (25^th^ and 75^th^ percentile) and the red star shows the average percentage change. As can be seen from the plot, the median percentage change shows a reduction for all the pollutants except O~3~. The average highest reduction is observed for PM~10~ (∼59%), followed by NO~2~ (56%), PM~2.5~ (∼47%), CO (∼33%), SO~2~ (∼23%) whereas an increase of 23% is observed in O~3~. The reduction in PM~10,~ PM~2.5~ and NO~2~ could be mainly attributed to restrictions imposed on vehicular movement. The larger reduction in PM~10~ than PM~2.5~ can be attributed to the reduced construction activities as well as to the dust re-suspension related to vehicular movement ([@bib87]b), which were restricted during the lockdown. The temporary decrease in vehicular and industrial emission, fossil fuel combustion, and biomass burning led to a significant reduction in PM~2.5~ levels. Our results for both the fractions of PM are consistent with the previously reported results by [@bib55] for Delhi based on the data up to April 14, 2020.Fig. 9Percentage change in the six criteria pollutants during the first two phases of lockdown in National Capital Delhi. The line in the box shows the median value, red star indicates the mean value. and the box shows the interquartile range. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 9

Significant reduction in both the fractions of PM and NOx suggests that anthropogenic activities of Delhi and nearby regions define nearly half of the observed concentration levels during normal days ([@bib27]). O~3~ was observed to increase over Delhi at most of the sites because of the increased photochemical production of O~3~ due to the reduction in PM ([@bib100]) as well as precursor availability and chemistry at the monitoring locations. The reductions for the pollutants reported are in line with those reported by [@bib55], [@bib78], [@bib63] and [@bib39]. However, in contrast to our observation as well as other studies that found an increase in O~3~ levels in urban areas, [@bib39] have reported 14% decline in the same for Delhi. The differences in the results of these studies could be due to the different reporting periods as well as the method of reporting the changes.

3.9. Limitations of this study {#sec3.9}
------------------------------

While interpreting the results, it must be considered that most of the CAAQMS monitoring sites are located in urban areas, therefore this study mostly represents the changes at the urban locations than at the regional/rural background. The changes in air pollution reported in the current study are during the strict lockdown period and should not be considered due to the lockdown. The changes in the pollutants are combined effect of changes in the emissions, local meteorology, atmospheric dynamics, and chemistry. For example, the north-west, the IGP, and the central part of India have been influenced by more than the normal number of events of western disturbances (WDs, [@bib15]; [@bib36]) causing the pollution levels to reduce further. Possibly, the impact of WDs can be seen before the lockdown, as well as during lockdown. Moreover, the effect of large-scale dynamics, non-linear chemistry needs to be investigated before coming to the conclusions. While we are confident that the particulate matter (PM~2.5~ and PM~10~), NO~2~, and CO had decreased considerably across all locations, the actual percentage change requires detailed analysis.

4. Conclusions and discussion {#sec4}
=============================

The nationwide lockdown in several countries due to the COVID-19 (SARS-CoV-2) pandemic has resulted in improvements in air quality across the Globe. This study estimates the changes in the six criteria air pollutants (PM~2.5~ and PM~10~, NO~2~, O~3~, CO, and SO~2~) during the lockdown across India. Hourly averaged concentrations measured at 134 sites from 15^th^ February to 3^rd^ May from 2017 to 2020 were analysed to study the impact of lockdown measures in terms of changes in the temporal evolution, changes in a diurnal pattern, and percentage reduction. The air pollution monitoring sites were grouped according to the geographical regions (north, IGP, north-west, north-east, central, and South) based on their pollution status, sources, and data availability to discuss the overall impact of the lockdown. The changes in the pollutants were estimated by comparing the concentrations during the strict lockdown (25^th^ March to 3^rd^ May 2020) with the same period in 2017--2019.

The most significant and prominent reduction was observed for both PM~2.5~ and PM~10~ across all regions in India. The highest median reduction in PM~2.5~ and PM~10~ has been estimated for north-west and IGP regions, where the levels during the lockdown have been reduced by ∼50--60%. A decrease of ∼40% was estimated in the southern regions for both PM~2.5~ and PM~10~, whereas the central region shows a decline of ∼25% and ∼40% in PM~2.5~ and PM~10~, respectively. The IGP is the most populated region in India. Moreover, the air quality over the IGP and north-west regions are also influenced by the dust storms leading the high surface dust load. The reduced industrial and construction activities, along with the reduced movement of vehicles leading to the reduction of the exhaust and non-exhaust emissions, mainly resuspended dust, may lead to a reduction of the PM levels. The role of secondary particles has not been quantified in this study.

NO~2~ has been found to decrease across all regions with significant reduction (∼40--70%) over north-west, IGP and south regions as well as at many sites in the central region. The major sources of NO~2~ are the combustion of fuel such as vehicular emission and fossil fuel-based power plants that could be the leading cause of reduction of NO~2~ except for the central region where increasing biomass burning might have neutralized the decrease in NO~2~ that has happed due to the lockdown.

CO has declined in the four regions during the lockdown, with the highest reduction in the IGP region. The levels of CO in all the regions reached the same levels during the lockdown. The impact of lockdown has been studies on the diurnal variation of the pollutants. The diurnal variation in PM~2.5~ and PM~10~ during the lockdown shows a significant reduction throughout the day. However, variability remains the same, and they continue to have bio-modal distribution. The absolute reduction was found to be higher during the night as well during the peak traffic hours. Similar observations were also made for the NO~2~ and CO, and the highest reduction was noted during the night.

O~3~ continued to have similar diurnal variations; however, the reduction in O~3~ is found during the sunlight hours. The decrease in NO~2~ during night hours is observed to be more than the day-time. Night-time enhancement in O~3~ of ∼20--30% or even higher in the IGP and north-west regions due to the reduction in the removal of O~3~ at night ([@bib5]). Moreover, heterogeneous chemistry near the surface involving aerosols can also be responsible for the direct loss of O~3~ ([@bib38]). O~3~ was found to have mixed variation but a considerable decrease in the South region.

The PDF analysis also suggests a reduction in PM~2.5~, PM~10~, NO~2~ and CO concentrations, marginal reduction in SO~2~ and no significant change in the probability distribution of O~3~. The most probable levels of PM~2.5~, PM~10~, NO~2~, CO, SO~2~ and O~3~ during the lockdown were 20--40 μg/m^3^, 50--80 μg/m^3^, 8--15 μg/m^3^, 400--600 μg/m^3^, 4--10 μg/m^3^ and 20--40 μg/m^3^ respectively. The amount of reduction observed for PM~2.5~, PM~10~, NO~2~ was found to reduce with respect to population suggesting a larger decline in populated areas. However, the change in O~3~ is found to increase with the population.

Air quality in the megacity Delhi improved significantly during the lockdown. The levels of NO~2~, PM~10,~ and PM~2.5~ reduce significantly (∼40--60%), whereas a moderate decrease was observed for CO and SO~2~. The O~3~ in Delhi follows a site-specific trend but shows a mean increase of ∼20% due to increased photolysis production because of the reduction in particulate matter over Delhi as well as precursor availability and chemistry at the monitoring locations.

To mitigate air pollution in India, it was planned to implement source and sector-specific measures as a part of NCAP, which focuses on reducing air pollution in India (MoEFCC, 2019). The other measures include the reduction of vehicular emissions implementation of new emissions standards, reduction in road dust re-suspension and other fugitive emissions, controlling the biomass/waste burning, controlling the industrial pollution, construction, and demolition activities. These measures are similar to the restrictions imposed during the lockdown. The actual reduction in emission due to the lockdown can vary from place to place. However, the changes in the consumption of petroleum products ([@bib68]) in April 2020 with reference to the data in April 2019 suggests 50--60% reduction in road transport-related fuel, ∼90% reduction in aviation fuel and ∼40% reduction in industries and 70% reduction in construction activities. The consumption in LPG rose by 12%, suggesting an increase in household emissions. Assuming these reductions as COVID19 lockdown scenario, this study observes a substantial decrease of ∼50% in the PM and NO~2~ at all the sites across India. Although air pollution reduction during lockdown does give an insight into the betterment of air quality, such imposition is not economically and socially feasible in normal days. However, the results provided in this study give an idea of the maximum limit of air pollution reduction achievable through capping of major emission activities in urban regions.

Historically, out of the six air pollutants PM~10~ and PM~2.5~ often exceeded the national ambient air quality standards, which remained the biggest challenge for air quality scientists and policymakers. During the lockdown, PM~10~ and PM~2.5~ levels were found well below the national ambient air quality standards. However, it has to be noted that lockdown was imposed during the spring-summer season when the pollution levels might have already reduced by more than 50%. The question remains open whether a similar kind of reduction could be expected during peak pollution season in winter. The findings of the study will help to understand the impact the strict measures (i.e. COVID lockdown restriction) on the air quality over India and will be an aid to clean air programmes and air pollution modeling in terms of scenario analysis.
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